, and other mes/r1 is expanded. We propose that Fgf8 permits lateral cergenes then become activated near the Otx2/Gbx2 borebellar development through repression of Otx2 and der around E8.5. After E9.5, Gbx2 expression is mainalso suppresses medial cerebellar growth in Gbx2-tained in the alar plate of r1, and the expression of CKO embryos. Our work has uncovered distinct reWnt1 and Fgf8 becomes restricted to adjacent narrow quirements for Gbx2 during cerebellum formation and domains with a sharp common border that coincides provided a model for how a transcription factor can with the Otx2/Gbx2 border. Furthermore, experiments play multiple roles during development. 
). These results raise the question tion of both cell extrinsic and intrinsic events. Developof whether Gbx2 is a cell intrinsic factor that mediates ment of the cerebellum is an ideal model system for Fgf8 induction of a cerebellum. studying how coordination of such events leads to patIt has not been possible to determine the specific role terning within the CNS. The cerebellum is one of the of Gbx2 in cerebellar development from Fgf8 misexpressimplest CNS structures, as it is composed of only a sion experiments or analysis of Gbx2 null mutants, since few cell types arranged in three distinct layers. In addiin these studies expression of many genes, including Otx2 tion, the primary events of cerebellar development are and Gbx2, is altered simultaneously. For example, Otx2 well characterized. The cerebellum is derived from the expression rapidly expands posteriorly into r1-3 in dorsal portion (alar plate) of rhombomere 1 (r1), which , referred fail to develop a morphologically distinct cerebellum, it is not clear whether Gbx2 is required to induce cerebellum to as Gbx2-CKO (for Conditional Knocked-Out), and the other 50% of the progeny were En1 ϩ Gbx2 ϩ /En1 ϩ development or to repress additional midbrain genes like Wnt1. In addition, it remains to be tested whether Gbx2 flox and used as wild-type controls. In Gbx2-CKO embryos, Cre-mediated conversion should produce a sustained expression of Gbx2 in r1 continues to play a role in maintaining a functional mid/hindbrain organizer. Gbx2 Ϫ/⌬hd genotype in En1-expressing cells. We analyzed Gbx2 expression in Gbx2-CKO embryos to confirm To investigate the sequential roles of Gbx2 in cerebellar development and maintenance of the mid/hindbrain the loss of Gbx2 in r1. At the 6 somite stage, Gbx2 expression appeared normal in Gbx2-CKO embryos organizer, we generated a conditional mouse mutant of Gbx2 using the Cre/loxP system and removed Gbx2 (data not shown). By the 8 somite stage, however, the anterior-most Gbx2 expression in r1, which overlaps function in r1 between the 8 somite stage (E8.5) and the 15 somite stage (E9). Our studies uncovered a Gbx2-with the En1 expression domain, was absent ( Figure 2B and see Figure 1D ). In wild-type embryos, the initial independent pathway to repress Otx2 after E9 and that embryos deficient in Gbx2 after E9 in r1 form a cerebelGbx2 expression in r1-3 at E8.5 becomes restricted to a transverse ring at the mes/r1 junction and the alar lum, with variable defects only in the medial region (the vermis). Furthermore, Gbx2 continues to play a critical plate of r1 by E9.5 ( Figures 2C and 2E ). By E9 (15 somites) when En1 expression has expanded throughout r1 (see role in positioning and maintaining normal mid/hindbrain organizer function after E9.
Figures 1E and 1F), Gbx2 expression was completely absent from r1 but was normal in the spinal cord of Gbx2-CKO embryos ( Figures 2D and 2F ). Therefore, in Results Gbx2-CKO embryos, Gbx2 is expressed normally until the 6 somite stage, and thereafter Gbx2 is progressively Generation of Gbx2 Conditional Mutant Mice lost from anterior to posterior in r1 such that by E9 Gbx2 To study the sequential roles of Gbx2 in cerebellar develexpression in r1 is completely abolished. opment and maintenance of the mid/hindbrain organizer after E8.5, we generated mice carrying a conditional Gbx2 mutant allele, Gbx2 flox ( Figures 1A-1C Figure 3A) . The surviving mutants were smaller Gbx2 ϩ/Ϫ mice. Similar to our previously described than their littermates, with a lower body weight, but both Gbx2 Ϫ/Ϫ mice (Wassarman et al., 1997), no Gbx2 Ϫ/⌬hd mice males and females were viable and fertile and nursed were recovered at weaning. In addition, Gbx2 Ϫ/⌬hd emtheir pups normally ( Figures 3B and 3C ). bryos at E18.5 displayed the same phenotypes as Interestingly, Gbx2-CKO mice showed no apparent Gbx2 Ϫ/Ϫ embryos (data not shown). Therefore, Cre-medidefects in motor coordination, suggesting these mutant ated excision converts the wild-type Gbx2 flox allele into mice had a functional cerebellum. Indeed, examination a null Gbx2 ⌬hd allele. of the brains of adult Gbx2-CKO mice revealed that the cerebellum developed in these mice. In normal adult mice, the cerebellum is divided into a middle region Specific Deletion of Gbx2 in r1 after E8.5 To remove Gbx2 specifically in r1 after E8.5, we used called the vermis and two lateral extensions called the hemispheres ( Figure 3D ), and each region has a characthe En1 ϩ/Cre mouse line in which Cre was inserted into the first exon of En1 by gene targeting (Kimmel et al., teristic foliation pattern ( Figures 3E and 3F) . In Gbx2-CKO mice, the cerebellar hemispheres were remarkably 2000). We analyzed Cre activity in the neural tube in detail by crossing En1 ϩ/Cre mice with R26R lacZ reporter normal ( Figures 3G, 3I , 3J, and 3L), whereas the vermis was smaller than normal, and the foliation pattern was mice in which cells express ␤-gal activity after Cre-mediated recombination (Soriano, 1999) . In X-gal-stained disrupted ( Figures 3G, 3H , 3J, and 3K). In addition, the lateral regions of the posterior midbrain (inferior colliculi) double transgenic embryos, Cre activity was initially detected in the presumptive mes/r1 junction area at the 5 appeared slightly enlarged ( Figures 3G and 3J ). There were variations in the vermis phenotype among Gbx2-somite stage (data not shown). By the 8 somite stage, ␤-gal activity was detected broadly in the mes and ante-CKO mice. In more severely affected mice (n ϭ 4/6), the vermis was greatly reduced, with the lateral hemirior r1 ( Figure 1D ). At E9.5, virtually all cells in the midbrain and r1 produced ␤-gal activity, as revealed by spheres appearing to extend and meet at the midline ( Figure 3G ). In Gbx2-CKO mutants with a less severe X-gal staining of whole-mount embryos and sections, indicating that Cre-mediated recombination occurs in phenotype (n ϭ 2/6), the vermis was more discernable, but the folia were reduced in size ( Figure 3J ). Analysis all midbrain and r1 cells by E9.5 (Figures 1E and 1F) .
We then crossed Gbx2 flox/flox mice with double heteroof serial sections of Gbx2-CKO cerebella showed that, anlage of E12.5 Gbx2-CKO mutants was thinner than normal, and abnormal indents were found in the ventricand the alar plate of r1 was significantly reduced in size ( Figure 2F ). Therefore, deletion of Gbx2 specifically in ular layer ( Figure 4B) . Strikingly, the population of BrdUpositive cells seen in the medial region of wild-type r1 by E9 alters the morphology of the mes/r1 junction as early as E9.5, possibly leading to a posterior shift in cerebella was depleted in Gbx2-CKO mutants, although the proliferation in more lateral regions was not reduced its position and a reduction in the size of the cerebellar primordium by E10.5.
( Figure 4B ). In E14.5 Gbx2-CKO embryos, a local increase in the number of BrdU-positive cells was found The cerebellum is a unique CNS structure that forms from two bilateral primordia that fuse in the dorsal midin the indents and small cell aggregates in the cerebellar ventricular layer ( Figure 4D ). Likely related to high prolifline. The vermis is thought to arise from the medial region where the fusion occurs. Consistent with the abnormal eration in the abnormal cell aggregates observed in the E14.5 cerebellar anlage, large cell aggregates were devermis seen in adult Gbx2-CKO mice, the medial region of the cerebellar primordium was reduced in size from tected in cerebella of E18.5 Gbx2-CKO embryos (n ϭ 6/ 6), mostly in the medial region ( Figure 4F) . Surprisingly, E12.5 to E18.5 (Figure 4) . To investigate whether this reduction was due to a decrease in cell proliferation, no cell aggregates were detected in 8 week or older Gbx2-CKO mutant cerebella (n ϭ 0/6). These results we analyzed brain sections by anti-BrdU immunohistochemistry after a 1 hr exposure to BrdU. In wild-type show that the medial region of the cerebellar anlage is specifically reduced in size by E12.5 in Gbx2-CKO embryos at E12.5, the ventricular neuroepithelium of the cerebellar anlage contained a large number of BrdUembryos, likely due to a reduction of cell proliferation in this region. In addition, abnormal cell aggregates form positive cells, with a higher accumulation of BrdU-posi- Otx2 and Wnt1 expand slightly posterior into r1 at the 8 somite stage. and Wnt1. At the 8 somite stage, Hoxa2 is normally expressed strongly in r3 and r5 and weakly expressed Surprisingly, at E9.5, when Gbx2 expression was no longer detected in r1 of Gbx2-CKO embryos, the Otx2 in r2 (Figures 2G and 2I) . In Gbx2-CKO mutants, Hoxa2 expression appeared normal at the 8 somite stage and expression domain was expanded only slightly posterior to the isthmic constriction around the dorsal midline of E9.5 ( Figures 2H and 2J and data not shown) . Significantly, at the 8 somite stage, the expression domains r1, forming a V shape with a diffuse caudal limit ( Figure  5B) . Furthermore, at E10.5, ectopic Otx2 expression in of Otx2 and Wnt1 were expanded caudally, and the distance between the posterior limit of the Otx2 and r1 was mainly restricted to the dorsal midline and to a few scattered patches of cells weakly expressing Otx2 Wnt1 expression domains and Hoxa2 expression in r2 was reduced in Gbx2-CKO embryos (Figures 2H and in more posterior regions ( Figure 5I ). In contrast to the limited misexpression of Otx2 in Gbx2-CKO embryos, 2J). Interestingly, the expression domains of Otx2 and Wnt1 were apparently complementary to the remaining the normally narrow transverse stripe of Wnt1 expression in the mes ( Figure 5C ) was expanded posteriorly Gbx2 expression in r1 at this stage ( Figure 2B ). Therefore, in Gbx2-CKO embryos, the expression domains of into r1 by E9.5 (Figure 5D ), in the region corresponding to the domain where Gbx2 is normally expressed ( Figure  E8 .5, with Wnt1 being ectopically expressed broadly in the r1 cells that normally express Gbx2 at E9.5 and 5G). At E10.5, scattered Wnt1-expressing cells were found throughout much of the alar plate of r1 ( Figure 5K) . ectopic Otx2 expression being restricted to the anterior and dorsal midline of r1. As a result, unlike the normal To compare the spatial distribution of the Otx2 and Wnt1 expression domains in more detail, we performed coexpression of Wnt1 and Otx2 in the mes, Wnt1 is expressed in the absence of Otx2 in many r1 cells of RNA in situ hybridization analysis on adjacent sagittal sections of E9.5 and E10.5 Gbx2-CKO embryos. ConsisGbx2-CKO mutants. tent with the whole-mount analysis in Gbx2-CKO embryos at E9.5, the Wnt1 expression domain was ex-
The Fgf8 Expression Domain Partially Overlaps with Wnt1 Expression and Opposes Otx2 panded extensively into r1 beyond the posterior limit of the Otx2 expression domain in both medial and lateral in Gbx2-CKO Embryos To analyze whether loss of Gbx2 after E9 alters formation sections (Figures 6A-6F) . At E10.5, Wnt1 was still expressed extensively in r1, whereas only a few r1 cells, of the mid/hindbrain organizer, we examined expression of Fgf8 in Gbx2-CKO mutants. Consistent with the mostly in the dorsal midline, expressed Otx2 ( Figures  6J-6O) . These results show that regulation of Otx2 and changes in Otx2 and Wnt1 expression at the 8 somite stage, the Fgf8 expression domain was shifted slightly Wnt1 is differentially affected by the loss of Gbx2 after posterior in Gbx2-CKO embryos ( Figure 2L ). FurtherCell Aggregates in the Cerebellum of Gbx2-CKO Embryos Express Otx2 and Have Molecular more, at E9.5 and E10.5, the expression domain of Fgf8 was both shifted and expanded posteriorly, particularly
Characteristics of the Inferior Colliculus
In Gbx2-CKO embryos at E14.5, the expression of Wnt1 in the dorsal midline, such that the normally transverse band of Fgf8-expressing cells was transformed into a and Fgf8 in the isthmus was greatly reduced as in wildtype embryos, and no ectopic expression of Wnt1 and V shape, complementary to the expanded Otx2 expression domain in r1 ( Figures 5F and 5I versus 5M) . ComparFgf8 was detected in the cerebellum (data not shown). In contrast, strong Otx2 expression was found at E14.5 ison of the expression domains of Fgf8, Wnt1, and Otx2 on near adjacent sagittal sections of Gbx2-CKO emin the abnormal cell aggregates seen near the ventricular layer of the cerebellum ( Figure 7H ). In addition, the numbryos at E9.5 and E10.5 showed that the expression domain of Fgf8 largely overlapped with that of Wnt1 ber of Otx2-expressing cells seems to increase after E12.5, which may be related to the finding that at E14.5 ( Figure 6E versus 6H, 6F versus 6I) . At E9.5, the expression domains of Fgf8 and Otx2 partially overlapped, and the ectopic Otx2-expressing cells were highly proliferative based on BrdU labeling (data not shown). To investiinterestingly, in the region where Otx2 and Fgf8 overlapped, the expression levels of both genes appeared gate whether the increased expression of Otx2 transforms cells in the abnormal aggregates into a midbrain reduced ( Figures 6B, 6C, 6H, and 6I) Figure 7B ). Of signifirepress Otx2 in r1 at later stages. Analysis of the changes in Otx2 expression in response to a loss of Gbx2 in r1 cance, the ectopic Otx2-expressing cells near the ventricular layer colocalized with the abnormal indents obfrom the 8 to 15 somite stage in Gbx2-CKO embryos allowed us to dissect the temporal requirement for Gbx2 served in this region ( Figure 7B ). In Gbx2-CKO embryos at E11.5 and E12.5, Wnt1 expression was restricted to in repression of Otx2. The expression domains of Gbx2 and Otx2 were normal in Gbx2-CKO embryos at the 6 patches of cells in r1 (Figure 7D ), in contrast to the more homogenous expression of Wnt1 in the alar plate of r1 somite stage (data not shown). By the 8 somite stage, however, the Otx2 expression domain was already exat E9.5 and E10.5 (Figures 5D and 5K) . The patches of Otx2 and Wnt1 expressing cells did not appear to panded posteriorly into the r1 cells that had lost Gbx2 expression. This rapid change in Otx2 expression shows colocalize, similar to what was seen at earlier stages. Therefore, Otx2 expression in r1 of Gbx2-CKO embryos that repression of Otx2 in r1 is highly dependent on Gbx2 function at the 6 to 8 somite stages. To our surwas greatly reduced at E11.5 and E12.5, and ectopic Wnt1 expression was not maintained in most r1 cells prise, deletion of Gbx2 in the rest of r1 by the 15 somite stage did not result in ectopic expression of Otx2 after E10.5.
Fgf8 is normally restricted to a transverse ring correthroughout the alar plate of r1 where Gbx2 is normally expressed. Instead, we found that ectopic Otx2 expressponding to the isthmic constriction at E11.5 and E12.5 ( Figure 7E ). The Fgf8 expression domain was expanded sion was largely restricted to a small dorsal and medial domain of anterior r1. These results demonstrate that posteriorly in what appeared to be an enlarged isthmus in Gbx2-CKO mutants at E11.5 and E12.5 ( Figure 7F) . after the 8 somite stage a Gbx2-independent pathway is involved in repressing Otx2 in posterior r1. Interestingly, we found that the level of cell proliferation in the region of Fgf8 expression was remarkably lower It is possible that an unknown factor is induced in r1 after the 8 somite stage that can replace the function than in adjacent cells in both wild-type and Gbx2-CKO embryos (Figures 4A and 4B) . This raises the question of Gbx2 in repressing Otx2 in r1. Another possibility is that Otx2 expression in r1 of Gbx2-CKO embryos is of whether the expanded Fgf8 expression domain at E11.5 and E12.5 contributes to the reduction in cell prorepressed by Fgf8, which is induced in r1 at the 3 to 5 somite stage. Consistent with this, we previously liferation and thus in the size of the medial cerebellar anlage of Gbx2-CKO embryos.
showed that Fgf8-soaked beads can repress Otx2 ex- Removal of Gbx2 in r1 after E9 was found to specifically and Otx2 is expressed only weakly in a few r1 cells at E11.5 E8.5 onward to repress Wnt1 expression in r1 and mainand E12.5 in Gbx2-CKO mutants, despite the medial tain the normal relative expression domains of Wnt1 and cerebellar anlage being significantly reduced in size at Fgf8. E12.5. Furthermore, in Gbx2-CKO embryos at E11.5 and E12.5, the Fgf8 expression domain is abnormally expanded and resides in the affected region, correlating Gbx2 Is Not Essential for Cerebellar Development after E9
with an area of reduced cell proliferation. Similarly, using BrdU labeling at E12.5, we found that Fgf8 is normally Analysis of null mutants previously demonstrated that Gbx2 is essential for development of r1-3, including the expressed in the isthmus and that cells in the isthmus undergo lower proliferation than in adjacent regions. 
